Two different methods of assessing the reliability of the oxygen electrode of one model of an automatic blood gas analyser (BGA) have been studied. In the first, a single automatic BGA was assessed by using outdated bank blood which was pumped around a small extracorporeal circuit into which known gas mixtures were passed. Oxygen tension was varied between 2 and 16 kPa. In the second, fresh heparinized blood was tonometered with calibrated gases and submitted to the automatic BGA used in the first part of the study and also to three other identical machines. Each of the machines was between 3 and 4 years old.
Introduction
The last ten years have witnessed a marked change in the appearance of blood gas analysers (BGAs). Automatic machines with sophisticated self-diagnostics are now widely available. In contrast, little change has been seen during this time in the design of the electrodes for measuring oxygen and carbon dioxide tensions and for measuring hydrogen-ion concentration.
Three methods have been described for assessing the accuracy of BGAs. In the first, fresh blood tonometered with calibrated gases has been used as the reference (Selman & Tait 1976 , Minty & N unn 1977 ; in the second, another blood gas analyser has been used as the reference (Rubin et al. 1979) ; and in the third, commercially-available quality control materials have been used (McSweeney et al. 1979). Of the three techniques only the first provides an absolute standard against which BGAs can be judged. However, the equilibration of blood with known gases is time-consuming and because calibrated gases are expensive, investigators have tended to examine only small numbers of combinations of gases. As well as equilibrating fresh blood with a tonometer, we have equilibrated outdated human bank blood with oxygen throughout the physiological range using a new technique and by both methods have looked at the accuracy of one particular automatic BGA in detail.
Methods
The investigation was conducted in two parts: in the first part the readings for oxygen tension of one three-year-old Radiometer ABU automatic BGA was studied. 500 ml of outdated (between 31 and 34 days old) human bank blood, to which had been added sufficient sodium bicarbonate to make the pH approximately 7.2, was pumped around an extracorporeal circuit in which was placed a miniature rigid bubble oxygenator. Foaming of the blood was prevented by passing the blood through a nylon mesh coated with silicone antifoam (Dow Corning Antifoam MSA Compound). The temperature of the blood was maintained near 37°C using a Travenol heat exchanger and a Churchill water circulator.
The cycles of the heat exchanger and water circulator were such that the blood reached the same temperature every 7 minutes. Into the oxygenator was passed a mixture of oxygen, carbon dioxide and nitrogen. Blood for analysis by the BGA was drawn into a plastic syringe via a side-port. After capping, the syringe was stored in an ice-bucket. The rrtaximum time between withdrawal of a sample and its analysis was 120 minutes. Samples were withdrawn from the extracorporeal circuit only when the temperature was passing through the same point in its cycle and when a catheter in the circuit that was being pulsed polarographically (Olsen et al. 1949 ) recorded a constant current. The catheter used was a Vygon bipolar pacing wire. The first and the last of these samples were also used to measure the haematocrit of the blood used in the experiment. Experiments (of which there were four) in which the haematocrit fell by more than 2% were discarded.
An experiment consisted of randomly (according to a random number table) varying the order in which oxygen flow to the oxygenator was varied and taking between 9 and 14 samples of blood for the analysis of oxygen tension by the BGA. Onthe day before an experiment, the P0 2 electrode of the BGA was cleaned and a new membrane mounted in the manner recommended by the manufacturers.
The performance of the BGA was' checked before each experiment by performing a 'warmup' calibration. Several times during the course of the study a commercially available quality control material (General Diagnostics Normal Blood GAS Control) was used to check the performance of the BGA. In each case the results obtained were within the manufacturer's specifications. Eighteen experiments were performed, each with a different specimen of outdated human bank blood.
Calibration of the flow of gases into the oxygenator was performed by making timed collections of the gases. Each of the three gases was passed from its respective cylinder into a Rotameter. The outputs of each Rotameter were joined and the gases were mixed by passing them through a coil of rubber tubing before they entered a Singer gas flow meter. Twelve equally spaced marks were made on the oxygen Rotameter and one on each of the CO 2 and N i Rotameters. The CO 2 and N 2 flows were maintained constant and the O 2 flows were varied in random order. At least 6 measurements were made for each mark on the oxygen Rotameter; 18 were made for the combination of CO 2 and N 2 without oxygen. Each timed collection lasted at least 150 seconds.
The mean flows for oxygen were calculated by subtraction from the mean flow of the gases in the absence of oxygen. The variances of the oxygen flow were calculated by using the property that the variance of the difference of the means of two uncorrelated measurements equals Vl/nl +V2/n2, where VI and V2 are the variances of the two measurements and nl and n2 are the number of samples used to obtain these variances (Armitage 1971) ,
The partial pressure of oxygen in the blood in anyone experiment was calculated from a knowledge of the oxygen gas flow, the total gas flow and the barometric pressure. Since the blood was circulating in a closed system which only allowed the gases in the oxygenator to escape to the atmosphere and therefore did not permit air to come into any significant contact with the blood, no account of water vapour was taken. In one experiment the oxygen concentration in the mixed gases was checked against a Servomex OA 101 Mk II paramagnetic analyser (Nunn et al. 1964) .
In the second part of the study fresh blood was heparinized and tonometered with calibrated gases using an Instrumentation Laboratory IL237 tonometer (Chalmers et al. 1974) . The blood was then submitted to four automatic BGAs (each one was a Radiometer ABLl between three and four years old) including the one used in the first part.
Standard linear regression analysis was used in the analysis of the data.
Results Figure 1 shows the results of calibrating the Rotameter used for measuring oxygen flow. Figure 2 shows an experiment in which' samples of the mixed gases about to enter the oxygenator were withdrawn and analysed by a paramagnetic oxygen analyser. The correlation coefficient is greater than 0.99. Figure 3 shows the results obtained in one of the 18 experiments. In this example the regression line lies above the line of identity. The worst correlation between theBGA and the oxygen tension in the extracorporeal circuit is shown in Figure 4 . There are obviously aberrant results in this experiment but there is an appreciable scatter even when these points are excluded. Table 1 shows the regression equations for the 18 experiments and it is clear that few lie on the line of identity and many are not parallel to it. Figure 5 shows all 209 points from the 18 experiments. As well as the line of identity, lines +/-1.2 kPa and +/-4 kPa from the extracorporeal circuit's oxygen tension are drawn. The graph shows that 25% of the points are more than 1.2 and less than 4 kPa from the reference value. It also shows that the scatter about the reference value is nearly as great at the lower end of the range as it is at the higher. -. . Figure 6 shows the effect of the order of analysing the samples in the BGA on the deviation from the reference value in the same experiment as Figure 4 . This graph gives little support to the hypothesis that the samples analysed just before the BGA undergoes its automatic calibration procedure are less accurate than those analysed just after the calibration procedure. Figure 7 shows the results obtained when fresh blood that had been equilibrated with gases of known concentration was analysed by the BGA (machine C) used in Figures 3 to 6. Figure 8 shows the results obtained using tonometered blood on the machine used by Selman & Tait (1976) . This graph shows that this BGA also recorded markedly aberrant readings. Table 2 shows the regression lines for each of the four BGAs on the Hammersmith Hospital site and indicates that machine C is no worse than any of the other machines. Table I ). There are two obviously aberrant results in this experiment but there is an appreciable scatter even when these points are excluded. The units of P0 2 are kPa. 
Discussion
In this study the accuracy of the oxygen electrode of a three-year-old commercially-available BGA has been studied in great detail using a new technique. It has also been studied more conventionally using fresh blood tonometered with gases of known concentration, and the results obtained with this latter technique have been compared with the results obtained using the oxygen electrode of three identical machines.
In 1978 Minty & Barrett suggested that an oxygen electrode should only read more than 1.2 kPa from the reference value 5% of the time. Of 209 readings in the first part of this study 31%(65) were more than 1.2 kPa from the reference value. A number of these, in the clinical situation, would be obvious errors and therefore a clinician would ask for the investigation to be repeated. However, readings less than 4 kPa from the reference value may not be so obvious clinically. Fifty-two (25%) of the 209 readings were found to lie either between + 1.2 Figure 6 . Effect of the order of analysing the samples in the BGA on the deviation from the reference value in the same experiment as Figure 4 . This graph gives little support to the hypothesis that the samples analysed just before the BGA undergoes its automatic calibration procedure are less accurate than those analysed just after the calibration procedure. The units of P0 tension are drawn. The graph shows that 25% of the points are more than 1.2 and less than 4.0 kPa from the reference value. It also shows that the scatter about the reference value is nearly as great at the lower end of the range as it is at the higher . TONOMETERED P02 Figure  8 . Results obtained using tonometered blood on the machine used by Selman & Tail (1976) : blood gas analyser A. This graph shows that this BGA also recorded markedly aberrant readings. The units of P0 2 are kPa and +4 kPa or between -1.2 and -4 kPa from the reference value. Errors of this magnitude may adversely affect the management of patients.
The reference values for oxygen tension were obtained by using an extracorporeal circuit that included an oxygenator. Into the oxygenator was passed a mixture of oxygen, carbon dioxide and nitrogen, the flows of each having been established previously by calibrating three Rotameters. At least six minutes was allowed for equilibration of the gases with the blood in the oxygenator. If the pulsed polarographic electrode (Olsen et al. 1949) in the extracorporeal circuit was not recording a constant current at the end of six minutes, then equilibration of gases and blood was continued for a further seven minutes until the blood was reheated to exactly the same temperature before a sample was drawn for analysis by the BGA. By varying the oxygen gas flows in random order, the measurement by the BGA of an oxygen sample should have been little affected by the result of the analysis of the previous sample (Moran et al. 1966) . Similarly, any variation in the results due to keeping some of the samples longer than others in syringes placed in an ice-bucket before their analysis by the BGA, should also have been minimized by varying the oxygen gas flows in random order.
The system used as the reference in this part of the study had the advantage that the full physiological range of oxygen tensions was studied, but it did involve the use of outdated bank blood. Since there may be some property of outdated bank blood that caused the BGA to give unreliable results, a more conventional study of the BGA was also performed. In this latter study fresh blood was tonometered with commercially calibrated gases and analysed not only by the BGA used in the first part of the study but also by three other identical BGAs on the hospital site. Two points are of particular relevance in the second part of the study: firstly, the BGA used in the first part gave results with fresh blood that were no worse than any of the other BGAs, and secondly, as Figure 8 shows, the other machines also showed some grossly aberrant results. It should be noted that the graph in Figure 8 was obtained using the same machine that Selman & Tait (1976) used. Selman and Tait found the correlation coefficient between the ABU P0 2 electrode and tonometered blood to be 0.99. The significant difference between the two studies is the age of the BGA. In Selman and Tail's study it was new, in the present one it was three years old.
Grossly aberrant results for oxygen tension using a Radiometer automatic BGA have been described before. Rubin et al. (1979) found two such results out of seventeen when they compared the readings of a Radiometer ABL2 with those obtained from a manual BGA on the same samples of fresh arterial blood. In the National Quality Control Scheme study (McSweeney et al. 1979) , commercially available quality control material was submitted to 360 laboratories with BGAs. Grossly aberrant results were found with each of the three makes of machines studied.
In conclusion, this study shows that when using outdated bank blood, 31% of the results obtained for measuring oxygen tension using an automatic BGA are unacceptable. The study also shows that when using fresh blood this same machine performs no worse than any of the three other identical BOAs. Although the model of this BOA is now obsolete, the design of the oxygen electrode of its two successors has remained unchanged, so that similar results are to be expected if the latest model were to be used for the same study.
